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Space Resource Utilization

As in the dayvs of the great terrestrial
exploration ousswons, I|'l1z- architechim:
makes maximum use of available
TesIrors o support thae STRICE |':-.F1'||'--
rakion missions ditecthy. 1t also seeks
to develop a large class of available
resouroes for a broader range of trans
T!l!11'|‘|"|1‘ll!-1'l_ I'I'!l'ill_'r'll‘1|"|l'|l life scienees ;
energy production, construchon and
many other long term activities. The
goal is first to reduce the direct
expense of going to the Moon and
Mars, then o buld toward self=sufh-
ciency of long duration space bases
and eventually to return energy and
rescuroes to Earth

Strategy

H]'ban: % a 1|n1|:|1|1= stome of resouToes:
solar energy in unlimited amounts,
materials in vast quanbibies from the
surfaces of the Moon and Mars, gases
from the Martian atmosphere, and the
vacuum and zero gravity of space
itself. With suitable processing, these
Taw TCSOUNCCSs anrd |.'I'|'I1'I"\-|:I!l1'l'l'I|:"|'] 11114
useful products. These products

while increasing t-'¢|_"|-.lr'.1l.i.1|:|'| efforts,
provide bulky materials at a fraction
of the cost of ransporting huge mass-
es from the deep gravity well of
Earth, nupph much of the ENErgy
needs of '|'|:|I'!ﬂ'llf"l."'I'I'I'IF\I !'-'|'|-.'.II."I:' Al l'l‘.-'lrl:'.‘-_.
produce the constituent gases for air
and would generate fuel for use by
both chemical and nuclear rockets.
Eventually, some space resources,
especially solar energy and Helium-3
[ |.!||.:|I!-|'|||:|.u fuel for future fusion
power plants), could be exported
back to Earth. This could maximize
the returm on the investment of going
to space, and allow cost effective
expansion of space activities.

The implementation of this archi-
tesrlure entails several steps. First,
PesOUITOE CxITRCTRN |':‘T“IH.'I.'.'1‘iI."-\- kst he
verified on Earth prior to space
demonstration. In the case of the
soom, il is F:Hv-hﬂ'lh' by wse svmthedic
rezolith on the Earth and to simulate
other conditions which exist on the
Moon to run a prototype plant. In the
case of Mars, simulating the carbaon
dioxide atmosphere at the correct
tl."rl'll.wdl:l.:lfl." dl:l.-i] ]":I'I.".'\"H_'Il.'\l." | L |.'"|.[IJ|."|.I]}
feamible. [ bolh cases, il 1% |_:1._:-e_~¢_~.i|::l||.' [1%)
gain a high degree of confidence prior
to ever leaving Earth. Next, the loca-
bon and quantities of resources on the
Mloon, Mars and other bodies mast be
asseaned. Some of this characteriza-
ton 14 dome rr'rn.-:1l:1-'|:».' from Earth, bug
thae 3._:,q~1'-|,-|.5| F:Il.m i= by comdodt robolic
mdssions o map the Moon and Mars,
emphasizing resource location and
quantification.

An 1,'-\.:r|_l,' lunar q._'-:I-cE.u_'rLllll._'rll.=|| |_:-|.|||1
s established to demonstrate the fea-
sibility of extracting hydrogen and
oxygen, other related volatiles, and
industrial feedstocks from Uhe lunar
regodith, This experiment also dem-
omestrakes an ..,1l'l1:||h- to operate such a
F""‘-“* == [P0 !'..||'1|1 |1._u11|.:l|ﬂ.\. and veri-
fies that the gases produced can be
separated and stared for lengthy peri-
o= on the Moon.

The focus on Mars is similar, pro-
o facilities demonstrate extrac-
bom |l1'|-\.‘l F\lrl.'\ll.|1|| tacami -IIF I'I}'-E.ITHHI.":I'I_.



methane and oxyvgen from the
Martian atmosphere autonomously,
including storage for later use. From
there, the strategy is to develop lunar
manufacturing capabilitics further to
cnable Flrl:q::|1|:'?i-:1:n af Spe iFi E'ﬂ'rl‘\-c]-
ncte which are made from the pro-
cessed regolith, These include ibems
aich as solar oells, strectural maber
als, formed metals, vanoos fuels and
other pure gases, These strabegies are
pursued with the poal of achieving
lumar self-sufficiency, then build
toward eventual production of export
quantities of Helium-3 and electrical
power. Um Mars the goal is to even
mally achicve sclf-sufficiency

Finally, an infrastruchare 1= neeled
to store, transport and use lunar-pro
duced fuel to power rocket vehicles
landing on the Moon, moving in
Earth orbit and moving between the
Earth and the Moon., This phase
highlights the |'h:1'.-.-'|_'-1-|".1| et of i
space resources to greatly reduce cost
and dependency on barth. Fewer
heavy lift launches ane then reguinesd
to support lunar and Martian activi-
(1=

5|..||11|||..1r_lr and Schedule

The Moon is emphasized because it is
nearby and has known valuable
resources which are extractable with
relalive ease from Hhe fq.ﬂ-:l'.ilh. “ars
is sevondary because its distanoe rom
Earth is much greater.

Lunar activity begins with a pair of
sibe reconnaissance orbiters in 199,
A telerchotically operated rover veri-
fies sabe *\.L'.|‘|.1|:1|'||l:.' [RRTTR Vears later. In
I_JII_'I,!';II.!'IUII for the first human retum
mission, an experimental resource
processing plant is landed at the
sederbedd sibe im 20003, In 2004, a crew
of six arves for a 14 Earth-day (one
lumar davhme) shay -|_.1, live out of
this |.¢-||1|.:.|'r anud I"'-'“'H a small, un]."fi-ﬁ-
surized rover for local |.u-.|'-|-.l:.:1|-.|:|1.
The next three piloted missions, in
200, 2008 and 2010, are all to the
sammie siter and continue the EXPATISION
Of resouroe processing L'.:F.I.IIIIIIL:\'_. base
infraskrLCEI P, '|'|.'|'|'|;t.'||q.__ |."‘~:|"|-.'l|:'.'!n'.il.'lr1
and soence. The crew 2i@e remains
constant at six, but the stay duration
grows progressiviely from 45 to 180
days, In 2000, a amall base exists
which 1s capable of supporting up o Launar Roelder Nesr Tavernes Literow, Apolle XV
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12 people at a time. Aller a Mars
dress rehearsal mission is performed
on the Moon in 2001, the Mars mis-
sivn is conducted. Special resource
utilization experiments on Mars are
featured in koeping with the therme of
this architecture. In cach phasc,
buildup of capability is highly depen-
dent upom the suocess of the preced-
ing activity.

Lunar Fhase

Leunar Precursors, Lunar activity
begins with a pair of reconnaissance
orbiters i 1999, Data from Lhese
gatellites allow selection of a site
which has excellent resource poten-
bal, but which also has superior char-
selorasties fog 1,-.~:]Jl.-:lr..1|.i|.:l.|'|. soaence and
habitation. A telerobotically operated
rowver verifes the suitability of the site
bwo vears later. Then, in preparation
fior the first humman mission, an experi-

2000 200

mental resource processing plant is
deployed at the selected site m 2003
Chperating avtonaomonsly, this small
plant produces and stores oxygen as
its main product, lesser amounts of
hydrogen and solar wind-emplanted
aases, amd dememstration amounts of
other materials,

Lamar Teitial Operational Capalnlily
The goal of the Initial Operational
Capability in this architecture is to
return safely to a site on the Moon
with exoellent resouroe potential for a
stay of a lunar daytime whike demon-
strating in situ fuel production for use
in a surface rover and in ascent/
descent wehicles, Human activity on
the Moon begins in 2004 with the
arrival of a crew of six, with five crew
members going o the lunar surface
for a 14 Earth-day stay. They live out
of the habital and bring a small,
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unpressurized rover for exploration.
The rower is designed to operate on
fuel cells so it can be refucled by the
products of the resource plant, verify-
ing that lunar resources can be used
and that such operations as fueling
can be done safely. With those basic
capabilities verified, the crew explorcs
the liscal area and assesses the site's
suitability for future expansion. The
reliability and degree of automation
of the ]Jnnmmb and the feasibality of
continued operation are evaluated at
this stage for a decision to proceed o
the Mext Crperational Capability. The
rewsability of the lunar ascent/
descent vehicles is evaluabod.

Ly Wexl Olperational Capabvility=-1.
In this phase, a small base capable of
expanzion to a permancnt facility is
developed. Production of key lunar-
derived materials such as fuel and a

2010 2012

demonstrabion test of power beaming
are performied. The mext three piloted
missions are sent to the same site and
continue the expansion of resource
processing l:.r_:r.m]:lll'il'_l.r_, |:l.-.'|-ﬂ-_' d‘l.‘[‘]'ﬁ.ﬁtl."l.lﬂ-
ture, habitats, exploration, science,
and the broad range of operations
associatedd wath uman presence,
Each of these three subsequent
missions is preceded by a cargo flight
which delivers expanded capability to
the resource plant, power svstems,
habitats, science instruments, rovers,
site comstruction equipment, tools,
food and other supplies, The crew
size remains constant at six, but the
stay duration grows pr J‘l.'-ﬁSJ'.'-'i.‘J._'r'
from 45 to 180 days. At the end of
2010, a small base exists which is
capable of supporting up lo 12 people
ﬂtEaliI!‘I'l.‘. This capability is expanded
to a permanently oocupied base, bt
the initial concept is for penodic skays
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of varying lengihs over the long term.
Each mission provides a measurable
increase in capability and a logical
decision point for determining the
final configuration of the Mext Opera-
tional Capability.

Thromghout this period, the foous
of the increasing activity on the Moon
continues to be resource develop-
ment. The intent is to produce, store
and use a wide variety of lunar mabe-
rials inchuding gases, for fuel and air,
fused silica sheets and beams for con-
struction, solar cells imade from onar
material} for power, and experimental
quantities of Helium-3 to be exported
for use in the Farth-based fusion pro-
gram. Other experiments take place
at the Moon site such as beaming
power back to Earth or to an orbital
cargo transfer vehicle to test the use-
fulness of that technology, trial export
of limited quantities of construction
materiala and solar cells to evaluate
their usefulness, and testing of pro-
cessed regolith as soil for growing
o in reduced gravity.

The earlicst potential payback is to
use lunar-derived fuel — in the form
of hydrogen or methane, plus oxygen
— First to power lunar vehicles such
a5 rovers and utility equipment; then
o refue] lumar ascent /descent stages
te o from lunar orbit or a Lagrange
point with cargo: and finally to fuel
tranafer vehicles between the Earth
and Moon. The Lagrange point stag-
ing aréa may prove attractive. The
imitial propulsion is conventional
chemical, emploving liquid -:n:-:vgen
and liquid hydrogen or methane, bu
because liquid hwdrogen is an mn'-l-
lent working fluid for a nuclear ther-
mal rocket or a plasma thruster, it
could be eventually used in these
applications as well. Methane may be
manufactured on the Moon and
Mars, and is storable, which may
prove attractive for local transporta-
thoin.

The feasibility of beamed power is
tesbend wsing power generated on the

Moon and beamed to a vehicle in
space. A further test beams power o
Earth to demonstrate the potential of
importing energy from space. This
best establishes the operational limits
of beamed power and determines if
transmission to Earth can be accoms

The basic features of this concept
call for continuously expanding pro-
duction and storage capabilities for
[uel Bases oI the Moon. Develop-
ment of transter and landing vehickes
which are reusable and refelable on
the lumar surface, in Earth and lumar
orbit, or at a Lagrange point, would
follow. These vehicles transport fuel
from the Moon to both lunar amd
Earth orbit. There are both cargoe and
personnel ransport vehicles, and the
cargo transport type is configured as
a conventional cargoe carrier or tanker.
The result is a lunar-based ransporia-
Hon imfrastrochane.

The above applications are far
from being an exhaustive list of the
uses of lunar resources. The concept
is to enoourage the development and
use of resource categories not specifi-
cally stated or envisioned at this me.
More opportunities may arise, inno-
vation is encouraged and eventual
transition e commercial activities is
stimulated. Three things are certain:
using respurces near at hand poten-
tially lowwers the long term investnnent
in space activities, broadens the range
of human activities in space, and pro-
vides a large pavback in later viears.

Lumar Next Operabtional Capabriliby-1.
This Meat Operational Capability will
perform the dress rehearsal for a mis-
sion to Mars. The fifth piloted mis-
sion o the Moon in 2011 returns o
the established site, but is planned as
the dress rehearsal of the Mars mis-
sion. The total mission duration is
M0 days, with only 40} days to be
spent on e lunar surface; the rest is
spent in lunar orbit, 200 days before
landing and 260 days after leaving



the Moon and before returning to
Earth. This simulation mission uses
Ehw full suibe of eguipment to be used
fior the actual hMMars mission as much
a5 practical, including the equipment
supplied by a separate cargo flight in
2000 as in Architecture L. When the
cvewy of six lands on the lunar surface,
their activities parallel those plarmed
for Mars., An additional six crew
members launched earlier are avail-
able on the surface assist the mext
crew upon landing. Because this sim-
ulation mission takes place close to
the existing lunar base, there are
extensive additional equipment, liv-
ing quarters, and resources available
in an ¢mergency. Finally, the Mars
prototype equipment left behind at
the end of the mission augments the
mfrastructure of the lunar basa,

Human habkitation on the Moon
after the stmulated MMars mission con-
binues on etther a pt-rindic basis or
eviolves b permanent presence. IF the
promise of resouroe development and
s 1% realuoed, extensive human pres-
eneoe s feasible,

Mlars Phase

Mars Preciirsors. The precursors for
this architecture ane the samae s those
denoted for Mars in Architecture [:
twior site Terommassamnee orbiters and
bweo surface rovers to certify and char-
acteriee the landing sites on Mars.

Mars Tnitial Operational Capabilify
The Initial Crperational Capability in
this phase is similar to the one
deseribed in Architecture T with the
addibiom of somes resouree uhilueation
experiments on the Martian surface.
Preparation for the first human mis-
sigin oy hars begrims with the launch of
a carge misswon b Mars in 2004 for
this architecture. This Might emplaces
a pressurized rover, a habitat and an
atmosphere reduction plant at the
selected site. The atmosphere reduc-
tion plant takes in the carbon diexide,
reacts it with an matial stowe of hydno-

gen brought from Earth and gener-
ates and stores modest quantities of
methane and oxvgen, gases which
wioltld be used as sources of energy.

A rover, powered by methane/
oxveen fuel cells, is used for local
exploration, and is refuelable from the
products of the resource plant. The
verification of using in site fue] and
the refueling operation itself are
major activities next to the primary
activity of exploration. The first
human mission to Mars is in 2016,
two vears later than the other three
architectures, to allow sufficient tme
for development of a lunar resouroes
capability. Once on Mars, surface
exploration, as described above, will
b the themie of operations.

Mars Next Operational Capability.
The Next Operativnal Capability in
this architecture emphasizes tests and
demonsirations of in situ resource use
on the Martian surface Lo support
long term human presence. The sec-
ond expedition to Mars follows the
pattern established by the first; a
cargo flight beaves in 2016 and places
an expansion unit ko the resource
plant and a small greenhouse, all at
the previous site. This provides a sig-
mificant food and fuel production
capability. The Martian greenhouse
is provided to augment the food sup-
ply and improve the LILL:'IJit_'r‘ of life for
humans on the surface. It is also
important as a test of whether human
activity on Mars could become seli-
sufficient. This sevond expedition is
the last specifically detailed in this
architecture, and it provides a Mext
Chperational Capability.

Near-Earth Asteroid Opfion. As in
Architecture I, an exploratory visit to
a mear-Earth asteroid is an option.
The emphasis in this case is not pri-
marily exploration bul the characteri-
cabwmn angd examination of an asteroid
a5 & souroe of vaheable, vseful materi-
al.

Explormmg the oo



